In this article, we report on the preparation of pitaya-like Sn@C nanocomposite with an aerosol spray pyrolysis and the application as high-rate and long-life anode material of lithium-ion batteries. The structure and morphology analysis of the as-prepared Sn@C nanocomposite shows that Sn nanoparticles with the size of about 8 nm are homogeneously dispersed in the spherical carbon matrix (denoted as Sn8@C). The capacity of Sn8@C nanocomposite exhibits 1007.1 mA h g -1 in the initial discharge and maintains the reversible capacity of 910 mA h g -1 after 180 cycles at 200 mA g -1 (0.305 C). A capacity of 410 mA h g -1 was obtained after 1000 cycles 10 at 4000 mA g -1 (6.1 C). Furthermore, Sn8@C nanocomposite displays a charge/discharge capacity of 205.3 mA h g -1 at 16000 mA g
Introduction
Metallic Sn has been proved as a promising anode material for lithium-ion batteries (LIBs) due to its high lithium-ion storage capacity and low charge-discharge potentials. [1] [2] [3] [4] [5] [6] [7] The theoretical specific capacity of Sn to Li 4.4 Sn is 992 mA h g -1 , which is much 20 higher than that of graphite (372 mA h g -1 ). [8] [9] [10] [11] [12] [13] However, the serious volume change between Sn and Li 4.4 Sn is about 300%, leading to the pulverization of the active particles and then poor cycling life. To address this problem, a general method is to use Sn-M or Sn-M-C alloys (M = Ni [14] [15] [16] [17] M is an inactive confining buffer that can absorb the large volume change. In this case, the energy capacity is decreased because of the existence of the inactive components. Recently, two main effective strategies have been applied to enhance the electrochemical behaviour of Sn anode. One way is to reduce the 30 particle size of Sn to nanoscale. 5, 21 It is found that nanosized Sn particles can endure much higher strain and effectively mitigate the pulverization of the active materials. However, nanosized particles tend to aggregate during the electrochemical alloyingdealloying process, resulting in the inevitable capacity decay. The 35 other method is to integrate nano-Sn with a conductive matrix such as carbon, 10, [22] [23] [24] [25] which can relieve mechanical stress and accommodate volume expansion for keeping the integrity of the electrode. For example, Sn nanoparticles with the size of about 30 nm encapsulated in carbon matrix delivered a discharge capacity 40 of 500 mA h g -1 after 200 cycles. 5 Sponge-like porous Sn/C composite, which was synthesized by dispersing SnO 2 nanoparticles in a polymer matrix with subsequent carbonization, showed an improved electrochemical behaviour as an anode of LIBs. 23 It is also noted that large amounts of void space in Sn-45 based porous/hollow composite 26, 27, 28 could accommodate the volume change, but the volumetric capacity is decreased to some extent due to the porous/hollow structure with low tapping density. Recently, an aerosol assisted method has attracted a great 50 attention to synthesize various materials, benefiting from its rapid reaction, large scale, and continuous production. 22, [29] [30] [31] [32] [33] [34] Particularly, Sn/C nanocomposites were successfully prepared by this method. Archer and co-workers synthesized hierarchical carbon particles with the encapsulation of ~15 nm Sn using 55 aerosol assisted method. 29 The as-prepared Sn-C and Sn-C Pluronic showed a capacity of 470 and 640 mA h g -1 after 200 cycles respectively. The initial coulombic efficiency for Sn-C and Sn-C Pluronic were 40% and 30%, respectively. Wang's group had prepared nano-Sn/C composite through the robust method. 22 A 60 reversible capacity of 710 mA h g -1 was kept after 130 cycles. The general aerosol approaches usually employ surfactants as a template to control the morphology and a diffusion dryer to absorb the solvent. 33 In this study, we synthesize pitaya-like Sn@C nanocomposite 65 with ~8 nm Sn nanoparticles uniformly dispersed in a carbon matrix using an aerosol spray pyrolysis method. We develop a simple, low cost and surfactants-free method without a diffusion dryer to prepare Sn@C nanocomposite. Briefly, we use SnCl 2 •2H 2 O and resorcinol formaldehyde (RF) resin solution as 70 tin and carbon sources, respectively. In the precursor solution, the RF polymer, which carries negative charges, 35 in Fig. S1 . After exploring reaction factors such as reaction temperature, gauge pressure and precursor concentration, the optimal conditions were fixed up to synthesize Sn@C nanocomposite with Sn particle size of ~8 nm (denoted as Sn8@C) (Fig. S2 ). The preparation process involves the 10 following process. (1) 7.7 g resorcinol and 10 ml formaldehyde were prepolymerized in advance to form a solution at room temperature; (2) .24 g, 12 ml and 285 ml, respectively.
Material characterizations.
The crystalline structure and morphologies of the as-prepared samples were characterized by X-ray diffraction (XRD, Rigaku MiniFlex600, Cu Kα radiation), feld-emission scanning electron microscopy (SEM, JEOL 30 JSM7500F) and transmission electron microscopy (TEM, Philips Tecnai-F20). 36, 37 Thermogravimetric analysis (TGA) was carried out to test the carbon content of Sn8@C and Sn40@C using a TG-DSC analyzer (NETZSCH, STA 449 F3) with a heating rate of 5 °C/min in air from room temperature to 700 °C. 35 Electrochemical measurements. The Sn@C anode was fabricated by mixing 70% Sn@C composite, 15% carboxymethyl cellulose (CMC) and 15% SP carbon to form a slurry, which was coated onto a copper (Cu) foil with active material loading of ∼1.0 mg cm -2 and dried in a vacuum oven at 100 °C for 10 h. 40 Electrochemical measurements were performed with CR2032 coin-type cells assembled in an argon-filled glove box. 38 Lithium foil was used as the counter electrode and reference electrode. LiPF 6 (1 M) dissolved in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume) was the electrolyte. Discharge-charge 45 cycling tests were carried out in the voltage range of 0.02-3.0 V at different rates using LAND-CT2001A battery-testing system. The total mass of the Sn@C composite was used to calculate the capacity of the battery. Cyclic voltammograms (CVs) were measured in the voltage range of 0.01-3.0 V with a scan rate of 50 0.1 mv s -1 on the Parstat 263A at room temperature.
Result and discussion
Fig . 1 shows the TEM images of the as-prepared Sn8@C and Sn40@C with the comparison of the photographic cross section of pitaya. It can be clearly seen that Sn8@C and Sn40@C 55 resemble the structure of a pitaya (Fig. 1b) with tin nanoparticle size of around 8 nm for Sn8@C (Fig. 1c) and 40 nm for Sn40@C (Fig. 1f) . The proper and lower concentration of Sn8@C precursor solution (compared with Sn40@C) and the stable carbon matrix can effectively prevent Sn nanograins from 60 growing bigger. What's more, the rapid formation of Sn@C network and high reaction temperature is considered to protect the uniform distribution of Sn@C structure during the simultaneous Sn formation and carbonization. The embedded nanostructure not only provides proper electric contact, but also 65 acts as mechanical support to accommodate the volume change during lithiation/delithiation process. The HRTEM image in Fig.  1c shows that the tin nanograins in pitaya-like Sn8@C are around 8 nm. Fig. 1d displays a The composition of the spherical Sn@C nanocomposite was 5 investigated by TGA analysis in air, as shown in Fig. S3 . There is only 2% weight loss observed until 220 °C, which is attributed to the elimination of adsorbed water and air. This suggests that the composite is stable in air up to 220 °C. The weight increase in the temperature range of 220 °C to 300 °C or around 350 °C is owing 10 to the oxidation of metallic tin (Sn + O 2 → SnO 2 ). The fast weight loss until 550 °C is attributed to the oxidation of carbon (C + O 2 → CO 2 (gas)). The mass content of nano-Sn particles in Sn8@C and Sn40@C composites are 45.7% and 73.5%, respectively. It is worth to note that Sn nanoparticles in Sn8@C is 15 ultrasmall, which induces SnO 2 reduction (SnO 2 + C → Sn + CO 2 ) during the preparation. Furthermore, Sn8@C nanocomposite has a lower Sn content than that of Sn40@C. CVs of the Sn40@C is shown in Fig. S4 , displaying similar trend. Fig. 3b shows the charge-discharge profiles of Sn8@C composite at a current density of 200 mA g -1 between 0.02 V and 3.0 V, and the charge-discharge curves of Sn40@C and pyrolyzing carbon are shown in Fig. S5 mainly ascribed to the formation of SEI film and the electrolyte decomposition. Interestingly, the reversible capacity of Sn8@C composite increases to 910 mA h g -1 from the 20th cycle to the 180th cycle and subsequently stabilizes around this capacity even up to 200th cycle (Fig. 3c) . The behaviour of capacity increase 15 has been reported in SnO 2 /graphene nanocomposite, 1, 39 Sn/C nanocomposite 23 , Si/C composite 40 and other metal oxide systems.
41-43
The cycling performance of Sn40@C and Sn8@C composites were evaluated under the same conditions, as shown in Fig. 3c . 20 The Sn40@C nanocomposite shows an initial discharge capacity of 1142.7 mA h g -1 . Then, the capacity continuously decreases with the following 100 cycles (with only 17.9 % capacity retention). The pyrolyzing carbon shows a reversible capacity of 210 mA h g -1 after 20 cycles (Fig. S6b ). For comparison, Sn8@C 25 composite exhibits an excellent cycling performance. The coulombic efficiency approaches 98.5% after the 10th cycle, suggesting its high reversibility. The improved cycling performance could be attributed to two main reasons. First, the uniform embedded nanostructure and the stable carbon 30 framework can generate a balanced stress to accommodate the large volume change and bring a strong buffering effect to prevent Sn nanoparticles from aggregating during the chargedischarge cycling. Second, the ultrasmall tin nanoparticles with the size of ~8 nm can effectively reduce the absolute stress/strain 35 during lithiation/delithiation process. Both factors offer a synergetic coupling effect to improve the electrochemical behaviour of electrode materials. The Sn8@C composite also shows excellent high-rate capability, as illustrated in Fig. 3d . Significantly, Sn8@C electrode can 40 exhibit a charge/discharge capacity of 205.3 mA h g -1 at the current density of 16000 mA g -1 (24.4 C). Once the current rate returns to 200 mA g -1 , a stable capacity of 672 mA h g -1 reverts.
In
h g -1 at 2000 mA g -1 (Fig. S7 ). Recent studies demonstrats that the capacity increase during cycling is contributed to the reversible formation and decomposition of an organic polymeric/gel-like layer from the electrolyte. 1, 23, 41, 44 The polymeric/gel-like layer could enhance 50 the mechanical cohesion by coating around the active materials and then provide extra lithium interfacial storage sites through a so-called "pseudo-capacitance-type behaviour". 42 As shown in Fig. 3b , the different charge-discharge profiles are plotted. The gradually increased discharge capacity at a potential above 1.2 V 55 corresponds to the reversible decomposition of an organic polymeric/gel-like layer, which coincides with the previous reports. 23 It is believed that the organic polymeric/gel-like layer forms at low voltage and decomposes at high voltage. Fig. 4a shows the TEM image of Sn8@C anode before 60 decomposition, demonstrating that polymeric/gel-like layer is formed on the surface of Sn nanoparticles. Fig. 4b shows the cycling performance of Sn8@C composite at 1000 mA g cycling stability of Sn8@C composite. Besides, compared with the other Sn-C composites synthesized by using the same way of aerosol spray pyrolysis, Sn8@C shows a better performance (Table 1) . Notably, the extent of increasing capacity at the current density of 4000 mA g -1 (Fig. 5) is lower than that of 200 mA g -1 5 and 800 mA g -1 ( Fig. 3c and Fig. S9 ). This phenomenon is attributed to the insufficient formation and decomposition of organic polymeric/gel-like layer at a relative high current density. Moreover, the morphology and structure changes of the electrode after charge/discharge cycles were checked by TEM (Fig. 6) . Fig.   10 6a shows that Sn8@C composite still sustains the uniform spherical shape after 1000 discharge/charge cycles at 4000 mA g -1 . This suggests that the ultrasmall Sn nanoparticles and a stable embedded carbon matrix of Sn8@C can effectively alleviate the large volume change and curb the pulverization and aggregation 15 of Sn nanoparticles. In contrast, after 100 discharge/charge cycles, the spherical structure of Sn40@C composite collapses and partly Sn particles pulverizes with aggregation (Fig. 6b) .This can answer why the Sn8@C nanocomposite could have the amazing cycling performance. 
Conclusions
Pitaya-like Sn@C nanocomposites with Sn nanoparticles (about 8 nm and 40 nm) uniformly dispersed in the carbon matrix were 30 successfully fabricated by an aerosol spray pyrolysis method. The size of the embedded Sn nanoparticles can be controlled through changing the concentration of the raw material. With the application as anode material for lithium-ion batteries, the asprepared Sn8@C nanocomposite shows a charge/discharge 35 capacity of 410 mA h g -1 up to 1000 cycle at 4000 mA g -1 (6.1 C). The capacity of 205.3 mA h g -1 was observed even at a high current density of 16000 mA g -1 (24.4 C). This high-rate electrochemical performance is attributed to the uniform dispersion of ultrasmall Sn nanoparticles in spherical carbon 40 matrix with a buffered structure. The simplified preparation process and the high electrochemical performance of Sn8@C composite make it promising in the application as the anode materials for lithium-ion batteries.
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As the anode material of lithium-ion batteries, pitaya-like Sn8@C nanocomposite shows the reversible capacity of 410 mA h g -1 after 1000 cycles at 4000 mA g -1 in the voltage range of 0.02 V and 3.0 V.
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